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AND INSPECTION 



(57) Abstract: A system for applications, such as imaging, lithography, data storage, and inspection, includes an optical element, 
at least one structure, and a source of light. The structure is at least partially in and at least adjacent a surface of the optical element. 
The source of light has a mode profile that provides an electric field which has a vector component suhstantially perpendicular to a 
surface of the optical element. The source of light is positioned to propagate at least a portion of the light through the optical element 
onto the object. The structure enhances the electric field of the light which optically interacts with the object. 
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A SYSTEM AND METHOD FOR HIGH RESOLUTION 
OPTICAL IMAGING, DATA STORAGE, LITHOGRAPHY, 
AND INSPECTION 

FIELD OF THE INVENTION 
5 [0001] This invention relates to a system and method for high resolution 

optical imaging, data storage, lithography and inspection. 

BACKGROUND OF THE INVENTION 
[0002] In recent years a novel microscopy, called near-field optical 

microscopy has extended the range of optical measurements beyond the 
10 diffraction limit and stimulated interests in many disciplines, especially material 
sciences and biological sciences. In the most widely adapted aperture approach, 
light is sent down an aluminum-coated fiber tip of which the foremost end is left 
uncoated to form a small aperture. 

[0003] Unfortunately, only a tiny fraction of the light coupled into the 

15 fiber is emitted through the aperture because of the cut-off of propagation of the 
waveguide modes. The low light throughput and the finite skin depth of the metal 
are the limiting factors for resolution. This applies also to optical lithography 
since a large photon flux has to be ensured. Nowadays it is doubted that an 
artifact-free resolution of 50 ran will be surpassed by the aperture technique. 
20 Many applications in nanotechnology, such as nanolithography or the optical 
characterization of semiconductor nanostructures, require higher spatial 
resolutions. 

[0004] Moreover, the aperture technique has other practical complications: 

1) it is difficult to obtain a smooth aluminum coating on the nanometric scale 
25 which introduces non-reproductibility in probe fabrication as well as 

measurements; 2) the flat ends of the aperture probes are not suitable for 
simultaneous topographic imaging of high resolution; 3) the absorption of light in 
the metal coating causes significant heating and poses a problem for temperature 
sensitive applications. 
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[0005] Despite these limitations, various proposals for nanolithography 

using the near-field aperture approach have been put forth. In these experiments, 
patterning on the order of «1 00 nm has been demonstrated in conventional 
photoresists, photosensitive polymers, ferroelectric surfaces, and hydrogenerated 
5 amorphous silicon photoresists. Near-field optical lithography is unlikely to 
become speed-competitive with emerging parallel exposure technologies, such as 
X-ray lithography, because of the mechanical resonances associated with the 
scanning process; a problem inherent to all scanning probe techniques. On the 
other hand, it provides the capability and advantage of simultaneous modification, 
10 imaging and surface characterization. 

SUMMARY OF THE INVENTION 
[0006] A system in accordance with one embodiment of the present 

invention includes an optical element, at least one structure, and a source of light. 
The structure is at least partially in and at least adjacent a surface of the optical 

1 5 element. The source of light has a mode profile that provides an electric field 
which has a vector component substantially perpendicular to the surface of the 
optical element (longitudinal field). The source of light is positioned to propagate 
at least a portion of the light through the optical element onto an object. The 
structure enhances the electric field of the light which optically interacts with the 

20 object. 

[0007] A method in accordance with another embodiment of the present 

invention includes providing an optical element with at least one structure at least 
partially and at least adjacent to a surface of the optical element and then directing 
light with a radially polarized mode profile through at least a portion of the optical 
25 element on to an object, the structure enhancing the electric field of the light 
which optically interacts with the object. 

[0008] A lens in accordance with another embodiment of the present 

invention includes an optical element and a structure at least partially in and at 
least adjacent a surface of the optical element. 
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[0009] A method for making a lens in accordance with another 

embodiment of the present invention includes providing an optical element, 
forming at least one opening in a surface of the optical element, and depositing a 
material in the at least one opening to form a structure. 

[0010] The present invention provides a number of advantages including 

providing increased spatial resolution for applications, such as optical imaging, 
data storage, lithography and inspection, although the present invention can be 
used in other applications. More specifically, the present invention is able to 
increase the resolution of near field optical imaging by a factor of two to five 
beyond that achieved with prior techniques using conventional solid immersion 
lens. Imaging to ten nm is possible with the present invention. Another 
advantage of the present approach is that it is non-intrusive, i.e. it is not based on 
mechanical interaction between probe and sample. Further, with the present 
invention storage density is increased by a factor of about twenty to thirty. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[001 1] This patent or application file contains at least one drawing 

executed in color. Copies of this patent or patent application publication with 
color drawing(s) will be provided by the Office upon request and payment of the 
necessary fee. 

[0012] FIGS. 1 A- 1 D are diagrams of a system for high resolution optical 

imaging in accordance with one embodiment of the present invention with 
different illumination paths; 

[0013] FIG. 2 is a diagram of a system for high resolution optical imaging 

in accordance with another embodiment of the present invention; 

[0014] FIG. 3 is a diagram of a system for high resolution optical imaging 

in accordance with yet another embodiment of the present invention; 

[0015] FIG. 4 is a diagram of a system for high resolution optical imaging 

in accordance with yet another embodiment of the present invention; 
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[0016] FIGS. 5A-5D are diagrams of a method for making a solid 

immersion lens in accordance with one embodiment of the present invention; 

[0017] FIGS. 6A-6E are diagrams of a method for making a solid 

immersion lens in accordance with another embodiment of the present invention; 

5 [0018] FIG. 7A is a diagram illustrating a calculated filed distribution for a 

focused radially polarized laser beam incident on a dielectric/air interface with an 
aluminum tip in an optical element in a system; 

[0019] FIG. 7B is a diagram illustrating a calculated field distribution for a 

focused radially polarized laser beam incident on a dielectric/air interface without 
10 any field enhancing structure in the optical element in a system; 

[0020] FIG. 8 is a graph illustrating fields above an interface with (solid 

line) and without (dashed line) a field enhancing structure in the optical element in 
the system; 

[0021] FIG. 9A is a diagram of the calculated near-field of a gold tip 

15 illuminated by a plane wave polarized along the tip axis in accordance with one 
example; 

[0022] FIG. 9B is a diagram of the induced surface charge density; 

[0023] FIG. 1 OA is a simultaneous topographic image of J-aggregates of 

PIC dye in a PVS film on a glass substrate; 

20 [0024] FIG. 1 0B is a near-field two-photon excited fluorescence image of 

J-aggregates of PIC dye in a PVS film on a glass substrate; and 

[0025] FIG. 10C is a graph of the corresponding fluorescence emission 

spectrum obtained with (solid line) and without (dashed line) a field enhancing 
structure in the optical element in the system in accordance with the present 
25 invention. 
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DETAILED DESCRIPTION 
[0026] A system 1 0( 1) in accordance with one embodiment of the present 

invention is illustrated in FIGS. 1 A-1D. The system 10(1) includes a focusing 
lens 14, a solid immersion lens 16(1), a structure 18(1), and a source of light 20. 
5 The present invention provides a number of advantages including providing a 
system 10(1) and method for increased spatial resolution for applications, such as 
optical imaging, data storage, lithography and inspection. 

[0027] Referring more specifically to FIGS. 1A-1D, the system 10(1) 

includes the source of laser light 20 and the focusing lens 14, although other types 

10 of light sources and other optical components, if any, can be used to direct the 

light from the source of light 20 on to the solid immersion lens 1 6(1). The source 
20 outputs a laser light 22 that has a mode profile that provides an electric field 
which has a vector component substantially perpendicular to the surface of the 
solid immersion lens 16(1). The lens 14 focuses the light 24 and directs it on to 

1 5 the solid immersion lens 16(1). 

[0028] The solid immersion lens 16(1) is positioned to receive the focused 

light 24 from the focusing lens 14 and to localize the light on the surface 26 of an 
object or substrate 12, although other types of optical elements can be used for 
solid immersion lens 16(1). For example, an optical waveguide 36 can be used as 

20 the optical element as illustrated in FIG. 2. In this particular embodiment shown 
in FIGS. 1 A- ID, the solid immersion lens 16(1) has a semi-circular configuration 
with a surface 28 which is substantially parallel to the surface of the object being 
imaged, although the lens 16(1) can have other configurations. In this particular 
embodiment, the separation between the solid immersion lens 16(1) and the 

25 surface 26 of the object 12 is smaller than the wavelength of the laser light 22 
from the source 20, although other spacing arrangements can be used. 

[0029] The structure 18(1) is embedded along one surface 28 of the solid 

immersion lens 16(1), although the number of structures and their location in the 
solid immersion lens 16(1) or other optical element can vary. In this particular 
30 embodiment, the structure 18(1) has an elongated shape, although the structure 
18(1) can have other shapes and can be located in other positions in the solid 
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immersion lens 16(1) as illustrated in the embodiments shown in FIGS. 2-4, 5D, 
and 6E. The structure 1 8(1) is able to locally enhance the electric field of the 
incoming laser light 24. 

[0030] The system 1 0(1 ) is contained in a housing 30, although other 

5 arrangements for housing the system 10(1) can be used. A guiding system 32 is 
connected to the housing 30 and guides the solid immersion lens 16(1) in the 
housing 30 over the surface 26 of the object 12 to achieve high optical resolutions 
for applications, such as imaging, data storage, surface modification, and 
lithography, although other configurations for the present invention can be used. 

10 For example, the system 10(1) may not have a guiding system 32 and system 
10(1) could be stationary while the object 12 could be moved by another system 
with respect to the solid immersion lens 16(1). A variety of different types of 
guiding systems can be used, such as mechanical positioning systems or optical 
systems which are used to guide the system. Since guiding systems are well know 

1 5 to those of ordinary skill in the art, they will not be described in detail here. For 
ease of illustration, the housing 30 and guiding system 32 have been removed in 
FIGS. IB-ID. 

[0031] The operation of the system 10(1) will now be described with 

reference to FIGS. 1 A- ID. In this method, a fundamental Gaussian laser mode is 

20 passed through or reflected from a phase plate which delays one half of the beam 
by a phase shift of 180 degrees. Subsequent spatial filtering selects the desired 
'Hermite-Gaussian 10' mode. If strongly focused, then a longitudinal field is 
generated in the focus. This procedure is outlined in L.Novotny, E.J. Sanchez, 
and X.S. Xie, "Near-field optical imaging using metal tips illuminated by higher- 

25 order Hermite-Gaussian beams," Ultramicroscopy vol.71 , pp.21 -29, 1 998, which 
is herein incorporated by reference. The two orthogonal Termite-Gaussian 10' 
modes can be superimposed using, for example, the method is described U.S. 
Patent Application Serial No. 09/759,913, filed on January 12, 2001 which is 
commonly owned and is herein incorporated by reference. 

30 [0032] The source 20 outputs laser light 22 onto the focusing lens 14 

which directs the focused light 24 on to the solid immersion lens 16(1). The solid 
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immersion lens 16(1) localizes the light 24 on the structure 18(1). The electric 
field component of the focused light 24 perpendicular to the surface of the solid 
immersion lens 16(1), referred to as longitudinal field, creates a highly localized, 
enhanced field 34 at the surface 28 of the lens 16(1) by the structure 18(1). Since 
5 the structure 18(1) is in the vicinity of the surface 26 of the object 12, the 

enhanced field 34 protrudes into the space outside the sold immersion lens 16(1) 
thereby enabling a highly localized interaction with the surface 26 of the object 12 
which is close by. The lateral extent of the enhanced field 34 is smaller than the 
size of diffraction limited illumination and can reach down to about ten nm. 

10 [0033] By guiding the solid immersion lens 16(1) over the surface 26 of 

the object 12 with the guiding system 32 or by moving the object 12 with respect 
to the solid immersion lens 16(1) high optical resolutions for applications, such as 
imaging, lithography, data storage, or surface modification, can be achieved. The 
solid immersion lens 16(1) may contain many structures 18(1), but in this 

1 5 particular embodiment only structure 18(1) is responsible for the enhanced optical 
interaction with the surface 26 of the object 12. 

10034] A variety of different illumination paths can be used with the 

system 10 as shown in FIGS. 1A-1D. For example, a normal incidence 
illumination with an annular beam is shown in FIG. 1 A, an oblique illumination is 
20 shown in FIG. IB, a normal incidence illumination through the object 12 is shown 
in FIG. 1C, and oblique incidence through the object 12 is shown in FIG. ID. 

[0035] Referring to FIG. 2, a system 10(2) in accordance with another 

embodiment of the present invention is illustrated. Elements in FIG. 2 which are 
the same as those in FIG. 1 will have the same numeral designations and will not 

25 be described again in detail. In this particular embodiment, the solid immersion 
lens 16(1) in system 10(1) has been replaced in system 10(2) by an optical 
waveguide 36. A structure 18(1) to locally enhance the electric field 34 of the 
incoming light is embedded in a surface 38 of the optical waveguide 36, although 
the number of structures and their location in the optical waveguide 36 or other 

30 optical element can vary. A source of light 20 is positioned to direct light 22 into 
one end 40 of the optical waveguide 36. For ease of illustration, the housing 30 
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and guiding system 32 is not shown in FIG. 2, but is the same as shown in FIG. 
1A. 

[0036] The operation of the system 1 0(2) will now be described with 

reference to FIG. 2. The source 20 outputs laser light 22 into the optical 
5 waveguide 36 which directs the light 22 on to the structure 18(1). The electric 
field component of the light 22 creates a highly localized, enhanced field 34 at the 
surface 38 of the optical waveguide 36 by the structure 18(1). Since the structure 
18(1) is in the vicinity of the surface 26 of the object 1 2, the enhanced field 34 
protrudes into the space outside the optical waveguide 36 thereby enabling a 
10 highly localized interaction with the surface 26 of the object 12 which is close by. 
Again, the lateral extent of the enhanced field 34 is smaller than the size of 
diffraction limited illumination and can reach down to about ten nm. 

[0037] By guiding the optical waveguide 36 over the surface 26 of the 

object 12 with the guiding system 32 or by moving the object 12 with respect to 
1 5 the optical waveguide 36 high optical resolutions for applications, such as 

imaging, lithography, data storage, and surface modification, can be achieved. The 
optical waveguide 36 may contain many structures 18(1), but in this particular 
embodiment only structure 1 8(1) is responsible for the enhanced optical 
interaction with the surface 26 of the object 12. 

20 [0038] Referring to FIG. 3, a system 1 0(3) in accordance with another 

embodiment of the present invention is illustrated. Elements in FIG. 3 which are 
the same as those in FIG. 1 will have the same numeral designations and will not 
be described again in detail. In this particular embodiment, the solid immersion 
lens 16(1) has been replaced with a pair of ellipsoidal mirrors 39(1) and 39(2), 

25 although other types of reflective objects could be used. A structure 1 8(2) is 
supported by the mirrors 39(1) and/or 39(2) by the use of thin radial wires, 
although other devices for supporting structure 18(2) could be used. The structure 
18(2) enhances locally the electric field 34 of the incoming light. The shape of the 
structure 1 8(2) comprises a sharp tip in order to provide enhancement of the local 

30 field* In this particular embodiment, the structure 1 8(2) has an elongated shape 
which extends from a flattened section at one end down to point 42 at another end 
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as shown in FIG. 3. The flattened section of the structure 18(2) has a reflective 
surface facing the light source 20. The portion of the mirrors 39(1) and 39(2) 
facing the structure 18(2) also have a reflecting surface. For ease of illustration, 
the housing 30 and guiding system 32 is not shown in FIG. 3, but is the same as 
5 shown in FIG. 1A. 

[0039] The operation of the system 1 0(3) will now be described with 

reference to FIG. 3. The source 20 outputs laser light 22 onto the flattened section 
of the structure 18(2). The laser light is reflected off of the flattened section of the 
structure 18(2) and onto the reflecting surfaces of mirrors 39(1) and 39(2). The 

10 mirrors 39(1) and 39(2) focus the light 22 from the flattened section of the 

structure 18(2) onto the tip 42 of the structure 18(2). This path of the light 22 is 
illustrated in FIG. 3. The electric field component of the light 22 creates a highly 
localized, enhanced field 34 at the point 42 of the structure 18(2). Since the 
structure 18(2) is in the vicinity of the surface 26 ofthe object 12, the enhanced 

1 5 field 34 protrudes into the space outside the structure 1 8(2) thereby enabling a 
highly localized interaction with the surface 26 ofthe object 12 which is close by. 
Again, the lateral extent of the enhanced field 34 is smaller than the size of 
diffraction limited illumination and can reach down to about ten nm. 

[0040] By guiding the mirrors 39(1) and 39(2) and structure 18(2) over the 

20 surface 26 of the object 1 2 with the guiding system 32 or by moving the object 1 2 
with respect to the mirrors 39(1) and 39(2) and structure 18(2) high optical 
resolutions for applications, such as imaging, lithography, data storage, and 
surface modification, can be achieved. The system may contain many structures 
18(2), but in this particular embodiment only one structure 18(2) is responsible for 
25 the enhanced optical interaction with the surface 26 ofthe object 12. 

[0041] Referring to FIG. 4, a system 10(4) in accordance with another 

embodiment ofthe present invention is illustrated. Elements in FIG. 4 which are 
the same as those in FIG. 1 will have the same numeral designations and will not 
be described again in detail. In this particular embodiment, solid immersion lens 
30 16(3) is the same as solid immersion lens 16(1) described earlier, except the 
opening for the structure 18(3) is larger and extends through the lens 16(3). In 
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this particular embodiment, the structure 18(3) has an elongated shape which 
extends through the solid immersion lens 16(3) and converges to a point adjacent 
the surface 28 of the solid immersion lens 16(3). For ease of illustration, the 
source of light 20, the housing 30 and guiding system 32 are not shown in FIG. 4, 
5 but are the same as shown in FIG. 1 A. 

[0042] The operation of the system 10(4) will now be described with 

reference to FIG. 4. A source 20 outputs laser light 22 onto the solid immersion 
lens 16(3) which directs the light 22 on the structure 18(3). The electric field 
component of the light 22 creates a highly localized, enhanced field 34 at the 

10 surface 28 of the solid immersion lens 16(3) by the structure 18(3). Since the 
structure 18(3) is in the vicinity of the surface 26 of the object 12, the enhanced 
field 34 protrudes into the space outside the solid immersion lens 16(3) thereby 
enabling a highly localized interaction with the surface 26 of the object 12 which 
is close by. Again, the lateral extent of the enhanced field 34 is smaller than the 

1 5 size of diffraction limited illumination and can reach down to about ten nm. 

[0043] By guiding the solid immersion lens 16(3) over the surface 26 of 

the object 12 with the guiding system 32 or by moving the object 12 with respect 
to the solid immersion lens 16(3) high optical resolutions for applications, such as 
imaging, lithography, data storage, and surface modification, can be achieved. 
20 The solid immersion lens 16(3) may contain many structures 18(3), but in this 
particular embodiment only structure 18(3). 

[0044] Referring to FIGS. 5A-5D, a process for making a solid immersion 

lens 16(4) in accordance with an embodiment of the present invention is 
illustrated. An optical base 46 is secured along one surface to one surface of an 
25 optical layer 48 as shown in FIG. 5 A. Although in this particular embodiment, the 
optical base 46 has a semi-circular construction to focus incoming light, other 
shapes for optical base 46 can be used. Additionally, although one optical layer 
48 is shown, other numbers of optical layers can be used. 



30 



[0045] A groove 50 is formed in another surface of the optical layer 48 to 

receive the structure 18(4) as shown in FIG. 5B. In this particular embodiment, 
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the groove 50 has a rectangular shape and a width or diameter of about ten to 
twenty mn holes, although the optical layer 48 may have other numbers of 
grooves and the groove or grooves may have other shapes and sizes. Another 
conical shaped opening 52 is formed in another layer 54, although the layer 54 
5 may have other numbers of conical shaped openings and the conical shaped 
opening or conical shaped openings may have other shapes. In this embodiment, 
the layer 54 is secured to the optical layer 48 so that the groove 50 is in alignment 
with the conical opening 52. By way of example only, the groove 50 and conical 
shaped opening 52 can be formed using standard nano-lithographical techniques. 

1 0 [0046] Another layer 56 is formed on the layer 54 and an opening is 

formed in the layer to the conical shaped opening 52 as shown in FIG. 5C. 
Material for the structure 1 8(4) is deposited in the groove 50 and protrudes out 
into the conical shaped opening 52. 

10047] The layers 54 and 56 are removed from the surface of layer 48 to 

1 5 expose the protruding portion of the structure 1 8(4) as shown in FIG. 5C. A 

protective dielectric layer 58, such as Si 3 N 4 , is deposited on the protruding portion 
of structure 18(4) and over the surface of layer 48 on which layer 54 was once 
deposited to protect the protruding portion of structure 18(4) against mechanical 
damage. The solid immersion lens 16(4) is now ready for high resolution 
20 imaging. 

[0048] Referring to FIGS. 6A-6E, a process for making a solid immersion 

lens 16(5) in accordance with an embodiment of the present invention is 
illustrated. A layer 62 is deposited on a layer 60 and an opening 64 is etched in 
the layer 62 to the layer 60 as shown in FIG. 6A. Although one opening 64 is 
25 shown, other numbers of openings could be formed in layer 62. 

[0049] Next, a conical shaped opening 66 is formed in layer 60 below hole 

64 as shown in FIG. 6B. The opening 66 can be formed by chemically etching, 
although other techniques for forming holes can be used. Additionally, although 
one opening 66 is shown and the opening 66 has a conical shape, other numbers of 
30 openings and with other shapes can be used. 
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[0050] Next, hole 68 is formed in the layer 60 at the apex of conical 

shaped opening 66 and extends through the layer 60 as shown in FIG. 6C In this 
particular embodiment, the hole has a cylindrical shape and a width or diameter of 
about ten nm, although opening 68 can have other shapes and sizes. 

5 [0051] Next, a material is deposited in the opening 66 and opening 68 to 

form the structure 18(5) as shown in FIG. 6D. In this particular embodiment, the 
material is a metallic material, such as gold or silver, although other types of 
materials could be used. 

[0052] Next, layer 62 is removed and an optical base 72 is secured to the 

10 layer 60 over the opening 66 with structure 18(5) as shown in FIG. 6E. Although 
in this particular embodiment, the optical base 72 has a semi-circular shape to 
focus incoming light, other shapes for optical base 72 can be used. The solid 
immersion lens 16(5) is now ready for applications, such as high resolution 
imaging. 

1 5 [0053] Calculations based on Maxwell's equations prove the feasibility of 

the present invention. These calculations have been carried out by using the 
multiple multipole method (MMP). These results are shown in FIGS. 7A and 7B 
which illustrate the calculated field distribution (E 2 , factor of two between 
adjacent contour lines) for a focused, radially polarized laser beam incident on a 

20 dielectric/air interface: (A) with an aluminum tip close to the interface shown in 
FIG. 7A, (B) without any field enhancing structure shown in FIG. 7B. In these 
figures, the boundaries between different media are indicated by solid lines. The 
metal tip attracts the fields and concentrates them towards the interface. 

[0054] In this particular example, the following parameters were used: 

25 wavelength = 800 nm, numerical aperture = 1.789, dielectric constant of lower 
space = 3.2, dielectric constant of upper space = 1, dielectric constant of 
aluminum tip = 24.1 + /1.5, end diameter of tip = 10 nm, distance of tip from 
interface = 5 nm. A radially polarized laser beam is focused on the interface of an 
optical element with a flat surface. A tip-shaped aluminum particle is placed in 
30 close proximity to the surface of the optical element, such as a solid immersion 
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lens 16. The end diameter of the tip-shaped particle is lOnm and the distance to 
the surface of the optical element is 5nm. The incoming radially polarized laser 
light has a wavelength of 800nm. The figure shows contour lines of constant 
electric field intensity on a logarithmic scale. 

5 [0055] Referring to FIG. 8, electric field intensities evaluated one nm 

above the interface with (solid line) and without (dashed line) the metal rip-shaped 
particle are illustrated. In this particular example, all of the parameters are the 
same as those discussed above with reference to FIGS. 7 A and 7B. The peak field 
strength for the case with tip is -165 times stronger than without the tip. The full- 

1 0 width at half maximum (FWHM) for the case with tip is on the order of the tip 
diameter (lOnm) whereas for the case without tip a diffraction limited spot with 
FWHM of ~300nm is obtained. This figure demonstrates that the spatial extent of 
the fields can be reduced by a factor of thirty increasing the data density on a 
surface by a factor of -900. This figure demonstrates the much smaller spotsize 

1 5 that can be achieved by using a small structure to enhance the fields. In this 

particular example the optical data density can be increased by roughly a factor of 
900. 

[0056] As discussed above, to overcome the limitation of the aperture 

technique discussed earlier, the present invention introduces an apertureless 

20 scheme. The present invention makes use of the strongly enhanced electric field 
close to a sharply pointed metal tip under laser illumination. The energy density 
close to the metal tip is shown to be two to four orders of magnitude larger than 
the energy density of the illuminating laser light as shown by way of example in 
FIGS. 9A and 9B. The calculated near-field of a gold tip illuminated by a plane 

25 wave polarized along the tip axis is shown in FIG. 9A. The excitation wavelength 
is X = 810 nm and the electric field intensity (E 2 ) is strongly enhanced at the tip. 
Induced surface charge density is shown in FIG. 9B. The surface charges form an 
oscillating standing wave. The large surface charge accumulation at the foremost 
part is responsible for the field enhancement. 

30 [0057] This effect is strongly dependent on the polarization of the 

illuminating light. Only light polarized along the tip axis induces a surface charge 
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accumulation at the end of the tip which then gives rise to the field enhancement. 
In experiments, the laser illuminated tip was held a few nanometers above the 
sample surface so that a highly localized interaction between the enhanced field 
and the sample is achieved. In order to obtain a high image contrast, nonlinear 
5 optical interactions between tip and sample were investigated. Resolutions on the 
order of twenty nm were demonstrated by making use of the field enhancement 
effect combined with two-photon excitation of the sample. In these experiments, 
the sample was locally excited by the simultaneous absorption of two photons. 
The subsequent fluorescent emission was detected and used to construct an optical 
1 0 image of high resolution by raster scanning the sample. An example of these 
results is shown in FIGS. 1 OA- IOC. A simultaneous topographic image and a 
near-field two-photon excited fluorescence image of J-aggregates of PIC dye in a 
PVS film on a glass substrate are shown in FIGS. 10A and 10B, respectively . 
Corresponding fluorescence emission spectrum obtained with (solid line) and 
1 5 without (dashed line) the tip present are shown in FIG. 10C. Accordingly, these 
experimental and theoretical results support the idea of using the present invention 
to perform high resolution optical lithography. 

[0058] Having thus described the basic concept of the invention, it will be 

rather apparent to those skilled in the art that the foregoing detailed disclosure is 
intended to be presented by way of example only, and is not limiting. Various 
alterations, improvements, and modifications will occur and are intended to those 
skilled in the art, though not expressly stated herein. These alterations, 
improvements, and modifications are intended to be suggested hereby, and are 
within the spirit and scope of the invention. Additionally, the recited order of 
processing elements or sequences, or the use of numbers, letters, or other 
designations therefor, is not intended to limit the claimed processes to any order 
except as may be specified in the claims. Accordingly, the invention is limited 
only by the following claims and equivalents thereto. 



20 



25 
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CLAIMS 

What is claimed is: 

1 . A system comprising: 
an optical element; 

5 at least one structure at least partially in and at least 

adjacent a surface of the optical element; and 

a source of light with a mode profile that provides an 
electric field which has a vector component substantially perpendicular to the 
surface of the optical element, the source positioned to propagate at least a portion 
10 of the light through the optical element on to an object, the structure enhancing the 
electric field of the light which optically interacts with the object. 



2. The system as set forth in claim 1 further comprising a 
guiding system that moves at least one of the optical element with the structure or 
15 the object. 



3. The system as set forth in claim 1 further comprising a 
focusing lens positioned to focus the light from the source on to the optical 
element. 

20 

4. The system as set forth in claim 1 wherein the optical 
element is a solid immersion lens. 



5. The system as set forth in claim 1 wherein the optical 
25 element is an optical waveguide. 

6. The system as set forth in claim 1 wherein the structure is 
elongated and has at least one tip. 

30 7. The system as set forth in claim 1 wherein the structure 

protrudes out past the surface of the optical element. 
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8. The lens as set forth in claim 7 further comprising a coating 
over at least a portion of the structure that protrudes out past the surface of the 
optical element. 

5 9. The lens as set forth in claim 1 wherein the optical element 

comprises an optical base and an optical layer connected to the optical base, the 
structure is at least partially in and at least adjacent to a surface of the optical 
layer. 

10 10. The lens as set forth in claim 9 wherein the structure is 

elongated and protrudes out past the surface of the optical layer. 

1 1 . The lens as set forth in claim 1 0 further comprising a 
coating over at least a portion of the structure that protrudes out past the surface of 

1 5 the optical layer. 

12. The lens as set forth in claim 9 further comprising an 
opening extending through the optical layer, wherein the structure is located in at 
least a portion of the opening. 

20 

13. The lens as set forth in claim 12 wherein at least a portion 
of the opening has a conical shape. 

14. A method comprising: 

25 providing an optical element with at least one structure at 

least partially and at least adjacent to a surface of the optical element; and 

directing light with a mode profile through at least a portion 
of the optical element on to an object, the structure enhancing the electric field of 
the light which optically interacts with the object. 

30 

15. The method as set forth in claim 14 further comprising 
guiding at least one of the directed light or the object. 
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16. The method as set forth in claim 14 further comprising 
focusing the light on to the optical element. 

17. The method as set forth in claim 14 wherein the optical 
5 element is a solid immersion lens. 

1 8. The method as set forth in claim 14 wherein the optical 
element is an optical waveguide. 

1 0 19. The method as set forth in claim 1 4 wherein the structure is 

elongated and has at least one tip. 

20. The method as set forth in claim 14 wherein the structure 
protrudes out past the surface of the optical element. 

15 

2 1 . The method as set forth in claim 20 further comprising a 
coating over at least a portion of the structure that protrudes out past the surface of 
the optical layer. 

20 22. The method as set forth in claim 14 wherein the provided 

optical element comprises an optical base and an optical layer connected to the 
optical base, the structure is at least partially in and at least adjacent to a surface of 
the optical layer. 

25 23. The method as set forth in claim 22 wherein the structure is 

elongated and protrudes out past the surface of the optical layer. 



30 



24. The method as set forth in claim 23 further comprising a 
coating over at least a portion of the structure that protrudes out past the surface of 
the optical layer. 
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25. The method as set forth in claim 22 further comprising an 
opening extending through the optical layer, wherein the structure is located in at 
least a portion of the opening. 

5 26. The method as set forth in claim 25 wherein at least a 

portion of the opening has a conical shape. 

27. A lens comprising: 

an optical element; and 
10 a structure at least partially in and at least adjacent a surface 

the optical element. 

28. The lens as set forth in claim 27 wherein the structure is 
elongated and has at least one tip. 

15 

29. The lens as set forth in claim 27 wherein the structure 
protrudes out past the surface of the optical element. 

30. The lens as set forth in claim 29 further comprising a 

20 coating over at least a portion of the structure that protrudes out past the surface of 
the optical layer. 

3 1 . The lens as set forth in claim 27 wherein the optical 
element comprises an optical base and at least one optical layer connected to the 

25 optical base, the structure is at least partially in and at least adjacent to a surface of 
the optical layer. 

32. The lens as set forth in claim 3 1 wherein the structure is 
elongated and protrudes out past the surface of the optical layer. 

30 

33. The lens as set forth in claim 32 further comprising a 
coating over at least a portion of the structure that protrudes out past the surface of 
the optical layer. 
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34. The lens as set forth in claim 3 1 further comprising an 
opening extending through the optical layer, wherein the structure is located in at 
least a portion of the opening. 

5 

35. The lens as set forth in claim 34 wherein at least a portion 
of the opening has a conical shape. 



36. A method for making a lens, the method comprising: 
1 0 providing an optical element; 

forming at least one opening in a surface of the optical 

element; and 

depositing a material in the at least one opening to form a 

structure. 

15 

37. The method as set forth in claim 36 wherein the structure is 
elongated and has at least one tip. 

38. The method as set forth in claim 36 wherein the structure 
20 protrudes out past the surface of the optical element. 



39. The method as set forth in claim 36 further comprising 
coating over at least a portion of the structure in the at least one opening. 

40. The method as set forth in claim 27 wherein the providing 
the optical element further comprises connecting an optical layer to an optical 
base, wherein the forming the at least one opening is at least partially in and at 
least adjacent to a surface of the optical layer and the depositing the material is in 
the at least one opening. 



41. The method as set forth in claim 40 wherein the structure is 
elongated and protrudes out past the surface of the optical layer. 
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42. The method as set forth in claim 43 further comprising a 
coating over at least a portion of the structure that protrudes out past the surface of 
the optical layer. 

5 43. The method as set forth in claim 40 wherein the forming the 

opening further comprises forming the opening to extend through the optical 
layer. 

44. The method as set forth in claim 44 wherein the forming the 
1 0 opening further comprises forming at least a portion of the opening to have a 

conical shape. 

45. A system comprising: 

at least one optical element; 
1 5 at least one structure positioned to optically interact with 

the optical element; and 

a source of light with a mode profile that provides an 
electric field which has a vector component substantially perpendicular to a 
surface of the optical element, the optical element focusing at least a portion of the 
20 light on to at least a portion of the structure, the structure enhancing the electric 
field of the light which optically interacts with an adjacent object. 

46. The system as set forth in claim 45 further comprising a 
guiding system that moves at least one of the optical element or the object. 

25 

47. The system as set forth in claim 45 wherein the at least one 
optical element is at least one elliptical shaped mirror. 

48. The system as set forth in claim 45 wherein the structure is 
30 elongated and has at least one tip. 
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49. A method comprising: 

providing at least one optical element and at least one 
structure positioned to optically interact with the optical element; and 

directing light with a mode profile with the optical element 
5 on to at least a portion of the structure, the structure enhancing the electric field of 
the light which optically interacts with an adjacent object 

50. The method as set forth in claim 49 further comprising 
guiding at least one of the directed light or the object. 

10 

5 1 . The method as set forth in claim 49 wherein the at least one 
optical element is at least one elliptical shaped minor. 

52. The method as set forth in claim 49 wherein the structure is 
15 elongated and has at least one tip. 



WO 02/063613 



PCT/US02/03564 




WO 02/063613 



PCT/US02/03564 




FIG. 3 




FIG. it 



111 



WO 02/063613 



PCT/US02/03564 




PCT/US02/03564 




4/7 



WO 02/063613 



PCT/US02/03564 
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